Abstract. Medical device software development is subject to high regulations due to the potential risk of harming patients with unsafe medical devices. These regulations require software development to be performed with high discipline and evidence to be provided for auditory purposes. It's not easy to manage both conformance to regulations and efficiency in medical device development.
Introduction
The safety critical nature of medical device software requires Medical Device (MD) regulations are in place to ensure the safety of these devices. Manufacturers have to comply with the requirements to market an MD within a particular region. International standardizing bodies and regional regulatory authorities issue these requirements as standards or guidance. In the US, the Food and Drug Administration (FDA) issues the regulation through a series of official channels, including the Code of Federal Regulation (CFR) Title 21, Chapter I, Subchapter H, Part 820 [1] . In the EU, the corresponding regulation is outlined in the general Medical Device Directive (MDD) 93/42/EEC [2] , the Active Implantable Medical Device Directive (AIMDD) 90/385/EEC [3] , and the
In-vitro Diagnostic (IVD) Medical Device Directive 98/79/EC [4] -all three of which have been amended by 2007/47/EC [5] .
Software development in medical domain is typically performed with traditional, plan-driven approaches like Waterfall and V-Model. The V-Model is perceived to be the best fit with regulatory requirements [6] . Some of the reasons why these methods are still valid today, despite their rigidness and limitations, can be listed as follows: (a)
It is pretty straightforward to produce the necessary deliverables required to achieve regulatory audits with these models. (b) Verification, validation and risk assessments are particularly important in medical device software development and these processes are planned and executed in parallel with a corresponding development phase of the VModel. (c) In these models, each phase must be completed before the next phase begins.
This approach works well when there is high confidence in the requirements defined.
Ensuring regulatory requirements continuously is only one of the challenges that medical companies face. Some of others are managing the change during development, being timely to market, ensuring high quality, safety and high productivity. Agile software development methods have positive results for overcoming these challenges [7] .
Therefore, there is a transition going on in medical device development companies to achieve agility as well as safety and reliability.
In this study, we evaluated Scrum [8] , to understand the level of regulatory compliance when they are implemented. A mapping between these methods and the medical device software process assessment framework, MDevSPICE ® has been performed for this purpose. The second purpose of this research is to reveal additional practices that have to be performed to ensure compliance when there is no specific adaptation of Scrum for the medical domain.
The rest of the paper is structured as follows: In Section 2, we provide the background for this research which includes brief descriptions of MDevSPICE ® and Scrum.
We also provide a literature review of Scrum in the medical device development domain. In Section 3, we described the research methodology. In Section 4, we present the mapping and discuss the additional practices that have to be considered. In Section 5, we provide conclusions for this research.
Background

MDevSPICE
®
MDevSPICE
® is a medical device software process assessment framework developed with the purpose of integrating the regulatory requirements from the relevant medical device software standards and guiding medical device software developers to produce medical software that will be safe and reliable. It has been built upon 19 medical software development and software engineering standards, some of which can be seen on The MDevSPICE ® process assessment model is a two-dimensional model of the process quality characteristic of process capability. In one dimension, the process dimension, the processes are defined. In the other dimension, the capability dimension, a set of process attributes are grouped into capability levels. Processes in this process assessment model are described in terms of their Purpose, Process Outcomes, Base
Practices and Work Products. Although the set of Process Outcomes is necessary and sufficient to achieve the Purpose of the process, the Base Practices together with Work
Products provide a possible way to achieve the Process Outcomes. The list of processes in MDevSPICE ® process assessment model is given in Fig. 2 to be achieved and which base practices need to be performed for these safety classes.
Fig. 2. MDevSPICE ® Processes
Scrum
Scrum was developed by Schwaber and Sutherland with the purpose of providing a management framework for software development [8, 9] . Scrum does not provide any specific technical practices for implementation.
The fundamental idea behind Scrum is to apply process control theory to software development to achieve flexibility, adaptability and productivity [7] . It relies on a set of values, principles and practices which can be adopted based on specific conditions. Scrum gives value on providing frequent feedback, embracing and leveraging variability, being adaptive, balancing upfront and just-in-time work, continuous learning, value-centric delivery and employing sufficient ceremony [10] . It offers effective solutions by providing specific roles, artifacts, activities and rules.
A Scrum Team consists of a Product Owner, a Scrum Master and the Development
Team roles. Scrum Teams are self-organizing and cross-functional so that they could accomplish their work by themselves, rather than being directed by others outside the team and without depending on others not part of the team [9] . There are special events in Scrum which have been developed to create regularity and to minimize the need for meetings and are time-boxed.
Scrum Implementation in Safety Critical Domain
In the literature, we see many examples of Scrum implementation in the safety critical domain [11] [12] [13] [14] [15] [16] . We briefly discuss some of these studies below:
Wolff [11] presents implementation of a formal specification language and Scrum with combination in an aircraft project. Executable specifications were used in order to validate system functionality, to understand the requirements and design of the system more precisely. In addition to conventional software implementation tasks within a sprint, formal specification investigation tasks were also defined.
Regulated Scrum [12] is an example of an adapted approach which has been implemented and validated in a highly regulated organization. Scrum was enhanced to ensure regulatory compliance in the medical domain. Some of the enhancements of the approach are having quality assurance people who ensure regulatory compliance at the end of each sprint (called continuous compliance), using templates to guide the development process, implementing coding standards and performing peer code review, establishing end-to-end traceability from the requirements elicitation stage to the code base with the help of tool support (called living traceability), risk management and continuous integration.
Another implementation of Scrum in a European space industry company with Test
Driven Development, Continuous Integration and Pair Programming was discussed in [13] . Siemens Healthcare integrates Scrum into their software development process and additionally implements "feature orientation" practice to resolve the challenge of managing the flow of requirements coming from several product lines [14] .
This literature review shows that Scrum was not used in the safety critical domain with their original versions, but, tailored for this domain and also combined with supplementary practices to ensure safety and regulatory compliance.
Research Approach
The purpose of this research is to reveal to what extend the regulatory requirements defined in MDevSPICE ® are met when implementing Scrum. We defined the following research questions in relation to this purpose: covered by an implementation of Scrum? RQ4: What additional practices regarding those processes specified need to be performed in order to fully achieve a process at
Level 1: Performed Process?
Research steps.
1. Listing Scrum practices at a fine granularity level.
2. Mapping MDevSPICE ® base practices with Scrum Practices.
3. Identifying which processes were affected from the mapping.
4. Identifying the coverage ratio and deciding which MDevSPICE ® base practices need to be included for those processes to satisfy a fully-achieved level.
Abrahamsson et al. [7] , compared different agile software development methods to show which phases of software development were supported by these methods. Based on the comparison, Scrum covers project management, requirements specification, integration test and system test phases However, instead of selecting these processes mentioned above first, and then checking the coverage within MDevSPICE ® , we preferred to do the mapping in the other way around. We first listed the Scrum practices and then mapped them to MDevSPICE ® base practices. With this approach we were able to identify which processes of MDevSPICE ® were covered with a basic Scrum implementation.
Limitation of the Research.
Scrum could be taken as a prescriptive method with the descriptions of how the Scrum events will be performed and artifacts will be developed. However, Scrum is not defined at the practice description level provided by MDevSPICE ® . Mapping of the method was limited to the given information in the following resource: The Scrum Guide TM by Ken Schwaber and Jeff Sutherland [17] .
The Mappings and Discussions
Scrum and practices were mapped against MDevSPICE ® (IEC 62304) Class B requirements. As the level of detail for the Scrum practices was limited, we needed to make some assumptions during the mapping. We assumed that process artifacts such as project plans or project monitoring reports would be developed during a Scrum implementation, as evidence required for the audits needed to be collected. Although it is very likely that some base practices would be performed during software development using Scrum, we couldn't rate a 100% coverage for them, as they might not be performed at the level of the detail required in MDevSPICE ® . The coverage ratio is calculated based on the formula of: "the number of achieved base practices in a process / all base practices in a process".
Scrum Mapping
Scrum Method was described in terms of its roles, events and artifacts. Below, we provide the mapping for the roles and events. The artifacts which are basically product backlog and sprint backlog were not included in the mapping separately, as they were part of the events. Even though MDevSPICE ® does not emphasize any specific roles, we mapped the activities that needs to be performed by the Scrum roles to the base practices of MDevSPICE ® , shown in Table 1 . In Table 2 , the mapping between the Scrum events and the MDevSPICE ® Processes and Base Practices are provided (RQ2-RQ3). The bold written text in the 3 rd column of Table 1 and Table 2 show the mapped processes. The other text in the same column refer to the mapped base practices (BPs). According to the mapping shown in Table 1 and Table 2 , Scrum is related to 5 processes of MDevSPICE ® when it is implemented fully (RQ2). Within the mapping process, we also evaluated and calculated the coverage ratio of the MDevSPICE ® base practices for Scrum. Table 3 , shows the coverage ratio for each mapped process. The coverage evaluation performed by one of the authors for base practices from a Scrum perspective, was subjective, but peer reviewed by the other author. Therefore, depending on the implementation details and perception of the methods, different coverage ratios than we provided could be obtained. However, the purpose of giving this ratio is to provide readers and practitioners with an indication of how much value is achieved with basic Scrum implementation and how much needs to be done more from a regulatory perspective. Below, we discuss why processes #3, #4, and #5 in Table 3 did not have a full cov-
erage ratio and what additional practices need to be performed for compliance to medical requirements (RQ4). In medical device software development, every change on the product, whether it is on the artifacts or the code has to be made in a controlled way. This is one of the major contradictions between agile and the regulated worlds. For a change to be controlled, a version control system should be in place and baselines established. This is referred to in ENG.1.BP8: Establish stakeholder requirements baseline base practice. However, a product backlog is a dynamic list which is continuously changing and no baselines are taken over it.
#3 ENG.1 Stakeholder Requirements Definition
The other major requirement in medical device software development is to build traceability links between artifacts as this plays a significant role in defect management and change management. This is referred to in ENG. system requirements are performed in product backlog grooming sessions, as there are mechanisms to achieve them. However, the following two base practices need to be handled separately.
As part of ENG.2.BP2: Assign a safety class to the medical device based on the regional regulations process, at the system requirements analysis phase, a safety class has to be assigned to the product as the specific regulations apply based on the safety class in order to prevent potential harm to human life. As mentioned also in base prac- is a "planning" process.
Conclusions
In this study, we evaluated if a Scrum implementation could meet the regulatory requirements defined in MDevSPICE ® , the software process assessment framework for medical device software development. Scrum was selected due to its high recognition and adoption in software development world. The research approach included the mapping of Scrum practices to MDevSPICE ® processes and base practices. With this approach, we were able to define MDevSPICE ® processes and base practices that could be achieved in a basic Scrum implementation, more importantly the additional base practices that have to be performed for ensuring safety and regulatory compliance.
We also identified the coverage ratio of MDevSPICE ® processes from a Scrum perspective. Even though the coverage ratios are calculated from a subjective point of view, they provide important information to readers and practitioners about which The significance of this study is that it presents a coverage analysis at the MDevSPICE ® base practice level which is very detailed and has never been performed before. The coverage ratios showed the level of the gap between methods. The study has also revealed conflicting practices such as "controlled change management over continuous and dynamic change". In addition, the discussions made around the additional practices that need to be performed, complete the missing pieces to ensure safety and be successful over a regulatory audit in the medical device domain. The results of this study also provide guidance us for the development of an agile integrated medical device software development framework.
As future work, we will extend the mapping by adding XP, other agile methods which propose a whole software development life cycle coverage such as Dynamic Systems Development Method and scaling agile frameworks such as Disciplined Agile Delivery and SAFE.
